Regulation of patterning and morphogenesis during embryonic development depends on tissue-specific signaling by retinoic acid (RA), the active form of Vitamin A (retinol). The first enzymatic step in RA synthesis, the oxidation of retinol to retinal, is thought to be carried out by the ubiquitous or overlapping activities of redundant alcohol dehydrogenases. The second oxidation step, the conversion of retinal to RA, is performed by retinaldehyde dehydrogenases. Thus, the specific spatiotemporal distribution of retinoid synthesis is believed to be controlled exclusively at the level of the second oxidation reaction. In an N-ethyl-N-nitrosourea (ENU)-induced forward genetic screen we discovered a new midgestation lethal mouse mutant, called trex, which displays craniofacial, limb, and organ abnormalities. The trex phenotype is caused by a mutation in the short-chain dehydrogenase/reductase, RDH10. Using protein modeling, enzymatic assays, and mutant embryos, we determined that RDH10 trex mutant protein lacks the ability to oxidize retinol to retinal, resulting in insufficient RA signaling. Thus, we show that the first oxidative step of Vitamin A metabolism, which is catalyzed in large part by the retinol dehydrogenase RDH10, is critical for the spatiotemporal synthesis of RA. Furthermore, these results identify a new nodal point in RA metabolism during embryogenesis.
Retinoic acid (RA), the active derivative of Vitamin A, plays an important role in patterning and morphogenesis of a developing embryo. Insufficient or excessive RA levels cause abnormalities in craniofacial, skeletal, and limb development as well as malformations of multiple organs, including kidney, lung, heart, eyes, and the urogenital system (Clagett-Dame and DeLuca 2002). Therefore, it is essential to understand the mechanisms controlling Vitamin A metabolism and the developmental production of RA. Unlike most morphogens, which are peptides, RA is a small molecule. Thus, the specific levels of RA within various tissues of an embryo are regulated through a complex balance among synthesis by oxidative enzymes, storage and transport via retinoidbinding proteins, and by enzymatic degradation. The interplay among these aspects of RA metabolism and distribution are complex and not yet fully understood.
RA is synthesized from Vitamin A, also known as alltrans-retinol, via two consecutive enzymatic reactions . In the first reaction, all-trans-retinol is oxidized to all-trans-retinal. This reaction is thought to be catalyzed primarily by members of the alcohol dehydrogenase (ADH) family, specifically ADH1, ADH4, and ADH7 (formerly known as ADH3). It has been demonstrated that ADH1, ADH4, and ADH7 each play a role in RA metabolism, but only in postnatal growth and development (Deltour et al. 1999; Molotkov et al. 2002a) . The ubiquitous expression pattern of ADH7 during embryogenesis (Molotkov et al. 2002b ) has led to the notion that the enzymatic conversion of retinol to retinal occurs more or less uniformly and plays no role in the spatial or temporal regulation of RA synthesis during embryonic development . Another family of enzymes able to catalyze the oxidation of retinol to retinal is the short-chain dehydrogenase/reductase (SDR) family. Two members of the SDR family, RDH5 and RDH11, have been shown to play a role in the vision cycle in adult mice (Shang et al. 2002; Kasus-Jacobi et al. 2005; Kim et al. 2005) . To date, no phenotype has been observed in embryos lacking ADH or SDR enzymes, implying that none are individually required for the prenatal synthesis of RA. The failure to identify any enzyme required for embryonic conversion of retinol to retinal has led to the conclusion that the oxidation of retinol to retinal within an embryo is catalyzed by the redundant and overlapping activities of ADH and SDR enzymes (Duester 2000) .
The second step in the synthesis of RA from retinol is the oxidation of all-trans-retinal into RA. This reaction is catalyzed by the retinaldehyde dehydrogenases, RALDH1, RALDH2, and RALDH3 (ALDH1A1, ALDH1A2, and ALDH1A3), each of which is active in specific spatiotemporal domains during embryogenesis. RALDH2 is considered to be the predominant enzyme (Niederreither et al. 1999 (Niederreither et al. , 2002a Dupe et al. 2003; Fan et al. 2003) , as it is responsible for the production of nearly all embryonic RA and is essential for forelimb development, somitogenesis, and organogenesis of the heart, lungs, and kidneys (Niederreither et al. 1999 (Niederreither et al. , 2002b Mic et al. 2002) . RALDH1 and RALDH3 are primarily required for eye and nasal morphogenesis during embryonic development (Dupe et al. 2003; Fan et al. 2003; Matt et al. 2005) . Whereas embryonic phenotypes have not been observed in mice with targeted deletions of Adh or Rdh genes, distinct developmental defects are observed in Raldh mutants, leading to the conclusion that the spatial and temporal regulation of embryonic RA metabolism occurs at the second oxidative step of RA synthesis .
In contrast to this view, we demonstrate in the present study that the first oxidative reaction in embryonic Vitamin A metabolism is absolutely essential for normal embryogenesis and is not catalyzed uniformly by ubiquitously expressed and redundant alcohol dehydrogenases. Instead, we show that RDH10, a retinol dehydrogenase that converts all-trans-retinol into all-transretinal, plays a critical role in embryonic RA synthesis. Loss of RDH10 function disrupts RA synthesis and leads to loss of RA signaling primarily in craniofacial tissues and trunk mesoderm. The reduced levels of RA cause orofacial, limb, and organ abnormalities and ultimately result in embryonic lethality. Our results therefore reveal that the retinol dehydrogenase RDH10 is critically required for Vitamin A metabolism and is essential for embryonic patterning, morphogenesis, and survival.
Results

Identification of a mouse mutant with defects in craniofacial and limb morphogenesis
We undertook a search for novel genes regulating growth and pattern formation during mouse embryogenesis. To that end we performed a screen for recessive N-ethyl-Nnitrosourea (ENU)-induced mutations that produced morphological defects in limb and craniofacial structures at embryonic day 10.5 (E10.5). Here we describe one such mutant, named trex, which exhibits striking defects in growth and patterning of the forelimb, frontonasal process, pharyngeal arches, and various organs. The phenotypic hallmark of trex embryos at E10.5 is small, abnormally shaped forelimbs that resemble phocomelia (Fig. 1A,B) . In contrast, the hindlimbs of trex embryos are relatively unaffected and morphologically indistinguishable from their wild-type littermates. Other defects observed in E10.5 trex embryos include variably misshapen optic vesicles, small otic vesicles that are often duplicated or displaced, absent caudal pharyngeal arches, and lung bud agenesis (data not shown). Formation of cranial ganglia, particularly the trigeminal, facial, vestibuloacoustic, and glossopharyngeal ganglia, are also abnormal in mutant embryos (Fig. 1C,D) . Notably, the proximal region of each ganglion is specifically reduced in size or missing, consistent with defects in neural crest cell patterning (Fig. 1D, arrowheads) .
At E12.5-E13.0, morphological anomalies include persistently small, truncated forelimbs with autopods that are typically narrower and abnormally interdigitated ( Fig. 1E-H) . Eye development is also abnormal (Fig. 1I-J) . In particular, the cornea and ventral half of the retina are absent and the lens is hypoplastic. Variable clefting of the frontonasal process is also observed, together with agenesis of the nasal septum and chambers (Fig. 1K,L) . Organogenesis is also affected in trex embryos. The lungs are hypoplastic and fail to undergo growth and branching morphogenesis (Fig. 1M,N) , and, similarly, the liver is typically smaller with fewer lobes (Fig. 1O,P) . Gonad and metanephros rudiments are formed in mutant embryos, but are hypoplastic and underdeveloped relative to the corresponding organs of wild-type littermates at E13.0 (data not shown). Similarly, stomach and midgut are severely hypoplastic in mutant embryos and pancreas structures are not detected (data not shown). Trex mutant embryos die by approximately E13.0. Evidence of hemorrhage and pooled blood in mutant embryos (Fig. 1F) suggests that the cause of death is vascular defects. Embryos that survive to that stage have forelimbs with abnormal and reduced cartilage condensations of varying severity that often include agenesis of the radius (meromelia) (Fig. 1Q,R) . This constellation of phenotypes is reminiscent of malformations that occur under conditions of Vitamin A deficiency in a variety of organisms.
Trex mutation maps to Rdh10
In order to identify the chromosomal locus of the trex mutation, we used a panel of microsatellite markers polymorphic between the mixed C57/BL6 and 129/Sv background of our mutagenized animals versus the FVB strain to which they were bred (Supplementary Table 1) . With these markers we mapped the genomic interval associated with the trex phenotype to the proximal re-gion of chromosome 1. The region was refined using selected single nucleotide polymorphisms. Subsequent sequencing of candidate genes revealed a mutation in the gene encoding retinol dehydrogenase 10 (Rdh10). The trex mutation occurs at position 251 of the Rdh10 gene with respect to the mouse RNA reference sequence NM 133,832. The wild-type allele is a T at nucleotide 251, whereas the trex mutant allele is a C at that position ( Fig. 2A-C) . The Rdh10 mutation segregates perfectly with the mutant phenotype. All embryos exhibiting the mutant phenotype are homozygous for the mutant allele (Fig. 2D ). All carrier parent animals are heterozygous for the mutation except for the original mutagenized male, whose somatic tissue was wild-type, as expected. RDH10 is an enzyme of the SDR superfamily whose members catalyze the oxidation of retinol into retinal. Identification of the trex mutation as a defect in a gene involved in retinol metabolism suggests that deficiencies in Vitamin A oxidation and/or RA production are the principal cause of trex phenotypic anomalies and, further, that RDH10 may play an essential role in embryonic retinoid signaling.
Rdh10 is expressed in specific tissues of developing mouse embryos
As a first step in understanding the mechanistic origins of the craniofacial, limb, and organ defects observed in trex embryos, we characterized the spatiotemporal expression of Rdh10 mRNA during normal embryogenesis. Rdh10 expression is first detected at E8.0, where it is present in the neural groove in the region of the prospective hindbrain and also in lateral mesoderm tissue (Fig. 3A) . At E8.25, Rdh10 is expressed in the somites, ventral neural groove in the head region, cardiac crescent, lateral plate mesoderm, and developing body wall (Fig. 3B,C) . Section in situ hybridization reveals that Rdh10 expression at E8.5 is concentrated in lateral plate mesoderm and the dorsal region of the somites as well as the floor plate of the neural tube and head mesenchyme (Fig. 3E,F) . At E9.0, at the level of the heart, strong expression is observed in medial dermomyotomal lip of the somites and in dorsal pericardial mesoderm adjacent to the foregut (Fig. 3G) . At E9.5, Rdh10 is expressed in dorsal paraxial (somite) mesoderm and lateral plate (body wall) mesoderm (Fig. 3D) , and is also present in nephrogenic cord tissues and in proximal forelimb bud mesenchyme adjacent to somites 8-12 (Fig. 3H) .
At E10.5, Rdh10 is expressed in lung buds and in mesodermal tissue surrounding the dorsal root ganglia and adjacent to the forelimb bud (Fig. 3I ). Strong expression is also observed in the developing mesonephros (data not shown). Diffuse expression is observed in the forelimb at this stage, with higher signal in the proximal portion of the limb than the middle or distal limb (data not shown). Rdh10 is also expressed in the medial otic vesicle, in lateral nasal pits, and in the outer layer of the optic cup ( Fig. 3J,K) . Together, these data indicate that Rdh10 mRNA is expressed during embryogenesis in the precursors of tissues that are affected in Rdh10 trex/trex mutant embryos, including the frontonasal processes, limbs, eyes, ears, and lungs. Thus, Rdh10, the only known gene encoding a retinol-to-retinal oxidizing enzyme shown to be essential for embryogenesis, is expressed in a unique pattern consistent with its mutant phenotype.
Amino acid replacement in RDH10 may destabilize the protein structural core
The trex point mutation is located in the coding sequence of exon 1 of the Rdh10 gene, and the mutant allele causes a cysteine-to-arginine substitution in the RDH10 protein. In order to evaluate the effect of such a substitution on protein function, we constructed a model of the mouse RDH10 protein (Fig. 4A) . The model suggests that the mutated amino acid base is located in the first ␤-strand that occupies a central position in the ␤-sheet of the Rossman fold. In the mutant protein, the cysteine side chain is replaced by a larger arginine side chain, which has a potential to clash with side chains of several other residues, most notably Val 117 in strand 4 and phenylalanine 32 in the first ␣-helix. Thus, modeling suggests that the Rdh10 trex mutation would likely cause destabilization of the mutant RDH10 protein.
To determine if the mutant RDH10 protein is indeed less stable than wild-type, we tested the steady-state protein level of the wild-type and mutant proteins in cultured cells. COS-7 cells were transfected with expression plasmids containing either a wild-type or trex mutant version of the Rdh10 gene. Both the wild-type and trex mutant versions of the plasmids were transfected at equal efficiency and transcribed equally well, as assayed by quantitative real-time PCR (data not shown). Cells bearing mutant plasmid, however, contained only ∼25% of the steady-state level of membrane-fraction RDH10 protein relative to cells bearing wild-type plasmid, as assayed by Western blot analysis (Fig. 4B ). These data suggest that the mutant RDH10 protein is markedly less stable than the wild-type protein. Although the protein model suggests that the reduced level of RDH10 trex mutant protein is likely due to reduced stability, it is also possible that the reduction in protein level is due to another mechanism such as decreased translation.
RDH10 is a retinol dehydrogenase known to be expressed in retinal pigment epithelium cells of the adult eye and Muller cells (Wu et al. 2002 (Wu et al. , 2004 . Functional enzyme analysis indicates that the protein is localized to the microsomal fraction of cells and that it acts to specifically oxidize all-trans-retinol into all-trans-retinal in a NADP-dependent manner. To determine the amount of activity of mutant RDH10, proteins from cells bearing plasmids producing wild-type or mutant RDH10 protein were assayed for activity by HPLC. In these assays, membrane proteins from COS-7 cells expressing wild-type RDH10 produced an average of 2.6 pmol of all-trans-retinal from all-trans-retinol substrate (Fig. 4C ), whereas no activity was detected in the fraction representing an equal amount of total membrane protein from cells expressing the mutant form of RDH10. The lack of RDH10 activity in the membrane extracts from the Rdh10 trex -transfected cells is likely due to a combination of reduced protein stability and reduced enzymatic activity.
We next assessed the in vivo activity of the mutant protein by examining Rdh10 trex/trex embryos carrying a RA response element-lacZ reporter transgene (RARElacZ) . With this reporter transgene, RA signaling can be detected by the presence of ␤-galactosidase activity (Rossant et al. 1991) , although expression of the transgene in the forebrain is subject to inactivation and is therefore a somewhat unreliable indicator of RA signaling in that tissue (Luo et al. 2004) . In wild-type embryos at E9.5, RA signaling is detected in the frontonasal and forebrain region as well as in the trunk, where it is present in mesoderm and neural ectoderm tissues (Fig. 4D,F,H,J) . Strikingly, mutant embryos lacked most or all RA signaling in the trunk mesoderm (Fig. 4E,G,I,K) . Although the RARE-lacZ transgene is an imperfect reporter in forebrain tissues, RA signaling is substantially reduced in these head regions in mutant embryos (Fig. 4E) . RA signaling is also markedly reduced in the neural tube of mutant embryos, particularly in the caudal region (Fig.  4E,K ). The precise degree of deficit in RA signaling, however, varies slightly between mutant embryos and from side to side within an embryo, corresponding with variations in the morphological phenotype of Rdh10 trex/trex mutant embryos. These in vivo observations correlate perfectly with our in vitro data demonstrating that RDH10 is a key regulator of RA production. Importantly, these data indicate that the craniofacial, limb, and organ defects observed in Rdh10 trex/trex mutant embryos arise from the depletion of retinoid signaling, particularly in trunk mesoderm and frontonasal tissues including possibly the forebrain.
RA in the maternal diet rescues the Rdh10 trex/trex mutant phenotype
Our results point toward RDH10 being a critical determinant of RA production. To conclusively demonstrate that the craniofacial, limb, and organ defects observed in Rdh10 trex/trex embryos are caused by a deficiency in RA production, we studied the effect of adding supplemental RA to the maternal diet on the development of mutant embryos.
In the absence of RA supplementation, very few Rdh10 trex/trex embryos survive until E13.0, and those that do have striking craniofacial and forelimb defects (Fig. 5A) . In contrast, when the diet of pregnant females was supplemented with RA from E7.5 to E10.5 and pregnancy was allowed to proceed to E13.0, Rdh10 trex/trex embryos survived at the normal Mendelian frequency of 25%. Moreover, with RA supplementation the orofacial clefting and limb outgrowth anomalies were rescued such that Rdh10 trex/trex embryos appeared morphologically indistinguishable from their wild-type littermates ( Fig. 5B-G) . RA-supplemented Rdh10 trex/trex embryos displayed normal craniofacial morphology and fully elongated forelimbs with proper interdigitation. Thus, supplemental RA can completely rescue the overt limb and craniofacial abnormalities of trex mutant embryos, conclusively demonstrating that mutation of Rdh10 and resulting deficiency of retinoid signaling are responsible for the trex phenotype. Although we have yet to analyze development of these rescued Rdh10 trex/trex embryos at birth, our expectation is that the diminishment of cardiovascular anomalies will be compatible with postnatal viability.
Rdh10 is required for normal patterning of the forelimb bud
To gain further insight into the mechanism by which the trex mutation affects forelimb patterning, we examined the expression of several genes encoding signaling molecules known to be important for limb outgrowth and patterning. SHH signaling is critical for patterning the anterior-posterior axis of the limb. In wild-type embryos, Shh is initially expressed in a narrow medio-posterior domain of the limb bud that demarcates the zone of polarizing activity (ZPA) (Riddle et al. 1993 ). In E10.5 mutant trex forelimbs, we observed that the domain of Shh expression was reduced in size and shifted distoanteriorly relative to controls (Fig. 6A,B) . The mislocalized domain of Shh expression in mutant embryos indicates that loss of RDH10 affects both anterior-posterior and proximo-distal patterning in the forelimb by influencing positioning of the ZPA.
FGF8 signaling is essential for proximo-distal limb outgrowth, and Fgf8 is normally expressed in the apical ectodermal ridge (AER) (Martin 1998) . In Rdh10 trex/trex forelimbs, the pattern of Fgf8 expression is dramatically reduced relative to wild-type controls, which is indicative of a failure to properly maintain the AER (Fig. 6C,D) . Interestingly, the degree of severity of the limb truncation phenotype correlates with the extent of reduction in Fgf 8 expression levels. Therefore, although not required for the initiation of limb bud formation, RDH10 is essential for proximo-distal outgrowth of the limb through its key role in maintaining FGF8 activity and AER integrity.
BMP signaling is another key pathway that regulates the formation and maturation of the AER (Tickle 2003) . Bmp4 is expressed in the AER and underlying distal mesenchyme in wild-type embryos at E10.5. In Rdh10 trex/trex embryos, Bmp4 expression was only modestly altered from the wild-type pattern, being perhaps slightly elevated in the posterior and distal edge of the limb relative to wild-type forelimbs (Fig. 6E,F) . Bmp2 stimulates chondrocyte proliferation and differentiation (Minina et al. 2001) and is implicated in regulating digit growth and size (Sears et al. 2006) . Bmp2 is normally expressed in the mesenchyme underlying the posterior AER of E10.5 limbs in a domain adjacent to the ZPA. Interestingly, Bmp2 expression is down-regulated in Rdh10 trex/trex forelimb mesenchyme compared with wild-type (Fig.  6G,H) , a pattern that correlates well with the digit anomalies and aberrant cartilage differentiation observed at E13.0. Thus, our data suggest that RDH10 is required for proper regulation of components of the BMP signaling pathway and that the abnormal growth and patterning of Rdh10 trex/trex mutant limbs is due in part to a reduction of Bmp2 but not Bmp4 levels. Collectively, these gene expression analyses, in combination with our morphological observations, suggest that loss of RDH10 does not affect the initial induction of forelimb development, but rather impacts on proximo-distal growth, anterior-posterior patterning, and subsequent differentiation of the forelimb.
Mesodermal RA is not required for bilateral symmetry during somitogenesis
The surprising observation that RA synthesis is specifically depleted in the paraxial mesoderm tissues of Rdh10 trex/trex embryos was particularly intriguing since a number of recent studies have suggested that RA in mesoderm restricts FGF8 activity and controls bilateral symmetry during the reiterated formation of somites (Kawakami et al. 2005; Vermot and Pourquie 2005) . We therefore examined Rdh10 trex/trex embryos for evidence of a disruption to the symmetry of the segmentation process by in situ hybridization with Uncx4.1, a gene that marks the caudal half of each newly formed somite (Mansouri et al. 2000) . Interestingly, the pattern of Unxc4.1 expression revealed uniformly symmetrical somites in Rdh10 trex/trex embryos at the eight-to 15-somite stage (n = 5) (Fig. 7) . Similarly, no evidence of asymmetric somitogenesis is observed in mutant embryos with >15 somites and, in accord with this, no asymmetry is found in vertebrae at E13.0 (data not shown). Thus, although the Rdh10 trex/trex embryos are specifically deficient in mesodermal retinoid signaling, they do not exhibit any early or late defects in the bilateral symmetry of somite formation and differentiation. Collectively, this argues that RA regulating bilateral symmetry during somitogenesis may be located in nonmesodermal tissues.
Discussion
The retinol dehydrogenase RDH10 is required for embryonic RA synthesis
The phenotype of trex mutant mouse embryos is characterized by defects in limb outgrowth and differentiation, hypoplasia of the lungs and liver, craniofacial anomalies such as orofacial clefting, and ventral agenesis of the eye. The mutation results in lethality by E13.0, presumably as a result of vascular defects. The mechanistic basis for these developmental abnormalities stems from a deficiency in retinoid signaling, specifically in craniofacial and trunk mesoderm tissues. We determined that the trex mutation was a lesion in the gene encoding the retinol dehydrogenase RDH10 and showed that Rdh10 mRNA is expressed in the frontonasal, eye, ear, lung, lateral plate, and forelimb of midgestation embryos during developmental stages relevant for tissues affected by the mutation. Importantly, the developmental anomalies observed in Rdh10 trex/trex embryos could be rescued through RA supplementation of the maternal diet. Thus, our data demonstrate a novel, essential role for RDH10 in craniofacial, limb, and organ development. Furthermore, our analyses reveal for the first time that the activity of a retinol dehydrogenase is required during embryogenesis to mediate the first step of Vitamin A metabolism.
The synthesis of RA from Vitamin A occurs in a twostep oxidative process and, over the past several years, attention has centered on the second oxidation reaction, in which RALDH enzymes convert retinal into RA. The focus on the second reaction was due largely to the observation that Raldh2 mutant embryos are nearly completely devoid of RA production and exhibit spectacular heart, limb, and axial developmental anomalies (Niederreither et al. 1999) . Such phenotypes contrast with the absence of any identifiable developmental defect associ- ated with previously examined mutations in Adh and Rdh genes. Collectively, these observations led to the conclusion that the first step in RA synthesis was mediated by the overlapping activity of functionally redundant ADH and possibly RDH enzymes, and, as a result, developmental regulation of RA synthesis was thought to be controlled solely at the level of the second oxidation by RALDH enzymes. Our analyses of trex mutant embryos and the identification and characterization of the essential embryonic function of the retinol dehydrogenase RDH10 challenge the notion that oxidation of retinol to retinal is mediated primarily by redundant alcohol dehydrogenases and occurs uniformly throughout the embryo. −/− embryos suffer a more dramatic loss of RA signaling than Rdh10 trex/trex embryos (cf. Fig. 4 and Niederreither et al. 1999) . The milder phenotype of Rdh10 trex/trex embryos could be due to residual partial activity of the RDH10 trex mutant enzyme. Although the mutant enzyme does not have detectable activity when expressed in COS-7 cells, it is possible that some residual function may be retained in vivo. Alternatively, the low levels of retinal RALDH2-substrate present in Rdh10 trex/trex embryos could be produced by other RDH enzymes and/or by ADH enzymes. However, if there are redundant, isofunctional enzymes, they are clearly not able to completely compensate for the loss of RDH10-mediated all-transretinal production within the many affected tissues of Rdh10 trex/trex mutant embryos.
Comparison of
Both Rdh10 trex/trex and Raldh2 −/− mutant embryos exhibit forelimb defects, the former having small, truncated forelimbs with absent and abnormally patterned cartilage elements, while the latter lack forelimb outgrowth entirely. Interestingly, Raldh2 −/− embryos rescued with low doses of RA display small and abnormally patterned forelimbs similar to those of Rdh10 trex/trex embryos. In both Raldh2 −/− -rescued (Niederreither et al. 2002b; Mic and Duester 2003; Mic et al. 2004) trex/trex and partially rescued Raldh2 −/− mutants lead to defects in proximo-distal outgrowth and anterior-posterior patterning of forelimbs.
Spatial and temporal regulation of RA synthesis
It is noteworthy that the expression patterns of Rdh10 and Raldh2 are similar but not identical (cf. Fig. 2 and Niederreither et al. 1997 ). For example, both genes are expressed in mesoderm during gastrulation. However, Raldh2 expression is detected as early as E7.0-E7.5 in the posterior half of the embryo, whereas Rdh10 is first detected a bit later, at approximately E8.0, in a domain that is shifted anteriorly from that of Raldh2. During early somitogenesis, both genes are expressed in somites and trunk mesoderm; however, Rdh10 is expressed in the neural groove of the head region at that stage, whereas the neurectodermal expression of Raldh2 is restricted to the optic vesicle. These differences in expression pattern suggest that first and second reactions in synthesis of RA may be carried out in different tissues. Thus, like RA, the all-trans-retinal produced by RDH10 may diffuse or be transported between different tissues of the embryo.
The site of RA synthesis may play a role in temporal and spatial control of RA signaling, but transport, diffusion, cellular uptake, and degradation clearly also contribute significantly to the regulation of timing and tissue specificity of RA signaling. The importance of these post-synthetic metabolic regulatory mechanisms is illustrated by the fact that embryos with RA synthesis defects can be rescued by supplementation with exogenous RA, which produces uniform levels of RA within an embryo (Niederreither et al. 2000; Mic et al. 2002) . Moreover, post-synthetic regulation is further implicated by the fact that rescue of RA-depleted embryos is effective over a range of RA concentrations and in spite of fluctuation in RA levels during supplementation. The robustness of embryonic patterning to spatial and temporal variation in supplemental RA concentrations is likely due primarily to the RA degrading activity of the Cyp26 enzymes, as demonstrated recently for zebrafish hindbrain patterning (Hernandez et al. 2007) .
It is noteworthy that the distribution of RA signaling in the Rdh10 trex/trex mutant embryos is very similar to the pattern observed in Raldh2 −/− embryos rescued by a pulse of RA supplementation (cf. Fig. 4E,G and Mic et al. 2002) . In both cases, RA signaling in the trunk mesoderm is severely reduced, and the remaining activity is predominantly restricted to the ventral neural tube and, to a lesser extent, to organs and adjacent mesoderm. The similarity of the RA distribution in the two types of embryos suggests that post-synthetic mechanisms of RA regulation act to preferentially restrict RA signaling to the ventral neural tube and organs when RA concentrations are suboptimal.
The spatial distribution of RA signaling that remains in Rdh10 trex/trex embryos, which is similar to the pattern in RA-rescued Raldh2 −/− embryos, is interesting in light of the fact that Rdh10 trex/trex embryos exhibit no somite symmetry defects. In the absence of RA rescue, Raldh2 −/− embryos exhibit asymmetry in somite formation, an observation that fostered the idea that RA is essential for ensuring bilateral symmetry during somitogenesis. It is important to point out that the asymmetry of somite formation observed in Raldh2 −/− mutant embryos occurs only during a limited time window (eight to 15 somites), and, to date, this early stage asymmetry has not been correlated with any subsequent vertebral defects. The relevant source of the retinoid signal for regulating symmetry of somitogenesis has been widely assumed to be the RA present in the trunk mesoderm, which is absent in Raldh2 −/− mutants. Rdh10 trex/trex embryos also lack mesodermal retinoid signaling but, in stark contrast to Raldh2 −/− mutants, Rdh10 trex/trex mutants display no evidence of anomalies in somite symmetry. Early somitogenesis and later vertebral differentiation appear to be symmetrical in Rdh10 trex/trex embryos. These data argue compellingly that mesodermal retinoid signaling is not required for symmetrical somite segmentation. In support of this idea, a recent study has proposed that symmetry of somite formation may be regulated by retinoid signaling derived from the neurectoderm (Sirbu and Duester 2006) .
In summary, Vitamin A is essential for craniofacial, limb, and organ development during embryogenesis. Insufficient RA signaling, via addition of inhibitors or by nutritional Vitamin A deprivation, results in a remarkably similar spectrum of defects in pig, chick, quail, rat, and mouse (Helms et al. 1996; Morriss-Kay and Sokolova 1996; Stratford et al. 1996; Power et al. 1999) . Vitamin A deficiency is also a likely cause of embryopathies in humans and may account for some of the congenital malformations that occur with increased incidence in the developing world, where dietary sources of Vitamin A are inadequate. Conversely, exposure of pregnant mothers to excessive amounts of Vitamin A or RA via, for example, the acne drug Accutane, can also cause embryonic abnormalities in a developing embryo. Thus, understanding the regulation of Vitamin A metabolism is an important issue in human health.
The demonstration that RDH10 is a critical determinant of RA synthesis identifies the oxidation of retinol to retinal as a new nodal point in Vitamin A metabolism during embryogenesis. Consequently, Rdh10 is a promising candidate for clinical genetic screens aimed at identifying the primary genes or modifiers of syndromic and nonsyndromic human limb and craniofacial anomalies such as phocomelia and orofacial clefting.
Materials and methods
Mouse ENU mutagenesis screen for mutations affecting midgestation craniofacial and limb morphogenesis
Our screen for recessive mutations was modeled after successful screens performed in other laboratories (Garcia-Garcia et al. 2005) . In this case, mutations were induced in mice of a mixed strain background containing a combination of C57/BL6 and 129S1/Sv genomes. To induce mutations, male mice 8-12 wk of age were injected intraperitoneally once per week for 3 wk with a 100 mg/kg dose of ENU as previously described (Justice 2000) . These mutagenized males, designated generation 0 (G0) animals, were subsequently bred to wild-type FVB/NJ female mice to produce animals heterozygous for the induced mutations. Individual males of this first intercross generation were considered founder animals of mutant lines. Founder males were crossed with FVB/NJ females to produce generation 2 (G2). G2 females were backcrossed to their fathers, and their litters were examined at E10.5 for morphological defects to identify lines that yielded reproducible limb or craniofacial abnormalities. From 50 founders, 11 lines were generated that exhibited consistent and reproducible abnormal craniofacial and/or limb morphology. Individual mutant lines were maintained by backcrossing heterozygous carrier animals to FVB/NJ.
Mapping mutations
Since mutant lines were maintained by backcrossing to FVB/NJ, the chromosomal position of each mutation could be mapped by identification of the region of C57/BL6x129/Sv genome that cosegregated with the mutant phenotype. To that end we utilized a panel of microsatellite markers that were polymorphic between the mixed C57/BL6x129/Sv background versus the FVB strain to which they were bred (Supplementary Table 1 ). For each microsatellite marker, an FVB/NJ allele could be unequivocally distinguished from a C57/BL6 allele or a 129/Sv allele. Microsatellites chosen for this mapping panel did not necessarily distinguish C57/BL6 and 129Sv alleles from each other. Each chromosome of the mouse genome, with the exception of the Y chromosome, was represented by several microsatellite markers. PCR reactions were multiplexed such that 140 microsatellite markers could be analyzed in 48 individual reactions. Fluorescently labeled primers for PCR amplification of microsatellite markers were purchased as a set from ABI (Mouse Mapping Primers version 1.0). Of the 314 markers available, 140 were used for mapping polymorphisms between the mixed C57BL6x129Sv mutagenized strain background and the FVB backcross breeding strain. PCR products were analyzed with a 3730 DNA Analyzer and GeneMapper software. Yolk sac DNA samples from phenotypically mutant embryos and ear biopsy DNA samples from carrier parent animals were screened with the microsatellite panel to determine the region of the C56BL/6x129Sv genome that was genetically linked to the mutant phenotype. For the trex mutation, the genomic interval associated with the mutant phenotype was initially mapped to the proximal region of chromosome 1 using the microsatellite panel. The region was then further refined using selected single-nucleotide polymorphisms. Once the genomic interval was limited to a span containing a manageable number of genes, transcripts from candidate genes were amplified and sequenced in order to identify alterations from wild type.
Cartilage staining
Cartilage staining of E13.5 embryos was performed as follows: Embryos were fixed overnight in 95% ethanol at 4°C and then stained for 48 h in 0.4% Alcian Blue/70% ethanol. Soft tissues were then dissolved in 1% KOH for 20 min, followed by 0.25% KOH for 30 min. Tissues were cleared for 1 h to overnight through a 20%, 30%, and 50% glycerol series, each containing 0.25% KOH.
Histological sections and whole-mount and section RNA in situ hybridization
For histological sectioning, embryos were fixed overnight in 4% PFA, equilibrated in ethanol, and embedded in Paraplast wax. The embryos were serially sectioned at 5-7 µm in transverse plane and stained with hematoxylin and eosin. Whole-mount and section in situ hybridization were performed as previously described (Nagy et al. 2003 ) using digoxigenin-labeled probes and detecting hybridization with BM-Purple or NBT-BCIP. Section mRNA in situ hybridization was also performed using an automated mRNA in situ hybridization protocol for a Ventana Discovery instrument (Nitta et al. 2003) , with the exceptions that tissues were fixed in 4% paraformaldehyde and signal revelation was performed manually.
Model of RDH10
The model of mouse RDH10 was created using SWISS-MODEL (Schwede et al. 2003) . Known proteins on which the model was based were human 17-␤-hydroxysteroid dehydrogenase type XI (PDB ID 1YB1) and ␤-ketoacyl-[ACP] reductase from Escherichia coli in complex with NADP + (PDB ID 1Q7B).
Retinol dehydrogenase enzyme assay
Retinol dehydrogenase activity assays were done under dim red light. For each assay, 125 µg of total membrane proteins from COS-7 cells expressing RDH10 in 0.1 M sodium phosphate buffer (pH 7.4) were added into 200 µL of the activity assay buffer containing 0.1 M sodium phosphate (pH 7.4), 0.5% BSA, and 1 mM NADP. The reaction was started by the addition of 2 µCi of all-trans- [11, H]-retinol (specific activity 47 Ci/mM; Perkin Elmer) in 2 µL of dimethyl formamide. After 20 min the reaction was stopped by the addition 300 µL of ice-cold methanol. Retinoids were extracted and separated by normal phase HPLC as described previously (Wu et al. 2004) . Elution peaks were identified by spiking with corresponding retinoid standards. The activity was calculated from the area of all-trans- 
RA reporter transgenic mouse
The RARE-lacZ transgenic mice (Rossant et al. 1991) were a generous gift of Dr. Janet Rossant (Hospital for Sick Children, Toronto, Ontario, Canada) via the laboratory of Dr. Ursula Drager (Shriver Center, University of Massachusetts Medical School, Waltham, MA). Staining for ␤-galactosidase activity was performed using reagents from Specialty Media.
RA rescue
For the RA rescue experiments, RA was administered via supplementation of the maternal diet. RA was mixed with Transgel food/water gel packs (Charles River) in mylar packets to protect from light. In order to minimize stress to pregnant females during the time of supplementation, Transgel was substituted for maternal diet beginning at E0.5 and was maintained until the end of supplementation at E11.5. From E7.5 to E10.5, all-trans-RA (Sigma) was mixed into the Transgel. Pregnant females were provided with an excess of Transgel that they could consume ad libidinum. The dose of RA was based the observation that pregnant females consumed or distributed ∼20 g of Transgel per day. At E7.5, RA was supplemented at a dose of 550 µg of RA/20 µg of Transgel per day. From E8.5 through E10.5, RA was supplemented at a dose of 1.25 mg of RA/20 µg of
